Although pipeline systems are the most economical and safest way of oil and gas transportation, there have been an increasing number of incidents. Therefore, pipeline operators need to constantly evaluate and update their Preventive Maintenance (PM) strategies. This paper performed economic analysis of PM strategies based on the cost of internal and external corrosion-related failures and developed optimal PM mathematical cost and time models for natural gas pipelines. The data used for this study was collected from eleven largest natural gas transmission pipelines. This study developed a method to calculate the optimal replacement time for potential failures based on the ratio of preventive replacement cost to corrective replacement cost. Moreover, this study developed a model to calculate cost of PM strategies based on the optimal replacement time. The results of this study helps decision-makers in the oil and gas industry to select the proper PM strategies for corrosion-related failures.
INTRODUCTION
Pipeline systems are the most popular method for transporting natural gas. Pipelines distribute almost 70 percent of oil and gas products worldwide (Mohitpour et al., 2010) . In addition, pipeline networks are growing every year due to new pipelines' construction in new areas. However, pipelines require the highest level of reliability due to safety concerns. In fact, pipeline systems are becoming more complex and being located excessively near high-density populated areas ("high-consequence areas" (HCAs)). Any release of hydro-carbon in HCAs could have adverse consequences and great environmental impacts. Therefore, safety is the highest priority for governments and the operators (Hernandez-Rodriguez et al., 2007) .
Pipelines represent a dominant means of transporting gas from their upstream location to the downstream. While the oil and gas industry uses other transportation methods such as oil-gas tankers and tank trucks/railroad tank cars, pipelines are known as the preferred choice since (1) pipelines are capable of transporting large amounts of gas and liquid over long distances, and (2) pipelines carry oil and gas products faster, safer, and more cost-efficient compared to other forms of transportation. The purpose of the Preventive Maintenance (PM) activities is to minimize the cost of system operation and to maximize the reliability of the system. Maintenance actions can be divided into two major classes: preventive maintenance and corrective maintenance. Corrective maintenance occurs as a result of failures. However, preventive maintenance improves the overall system reliability.
Due to economic and public safety concerns, pipeline systems are operated continually as possible as without an incident. Effective maintenance strategies require reaching this objective. The first fundamental step of effective maintenance actions is to determine system reliability. Reliability of the pipeline systems can be formulated by mathematical models. Mathematical models allow for prediction of future failure behaviors and estimate the probability of pipeline failures (Blischke and Murthy, 2000) . These strategies are extremely important to avoid failures during operation. Failure modes can be determined using statistical prediction models. These prediction models help the operators to minimize or eliminate any risks. The second step is to establish the optimal maintenance strategies. The purpose of the optimization problem is to minimize the overall costs of system operation and to maximize the overall reliability of the system by maintenance. Appropriate maintenance strategies can improve the system's reliability.
The ultimate step of pipeline safety is the development of the optimal maintenance models. Based on failure characteristics, the optimal preventive maintenance models can be established. In the past several decades, a number of different preventive maintenance optimization models have been proposed (Wang, 2002) . As with the development of reliability model, the development of the optimal preventive maintenance models is difficult. The success of the models depends on the prediction of future pipeline failures, the reliability criteria, the cost of improvements, and maintenance degrees of the system (Thompson, 2004) .
BACKGROUND
Maintenance can be defined as actions to: 1) control the system's deterioration process, which leads to failure, and 2) restore the system to its operational state, through corrective actions after a failure (Blischke and Murthy, 2000) . Under the same scope of maintenance, Mohitpour et al. (2010) define the pipeline system maintenance objectives is as "the primary purpose of any pipeline maintenance program is to maximize throughput and prolong the life of a pipeline system while ensuring public safety and respecting the environment" (Røstum, 2000; Thompson, 2004; Mohitpour et al., 2010) .
Maintenance actions can be divided into two major classes: preventive maintenance and corrective maintenance (Wang, 2002) . Preventive maintenance (PM) is a broad term that involves a set of activities to improve the overall system reliability. These activities are planned activities such as monitoring, cleaning, testing, patrolling, training, repair, and replacement (Nachlas, 2005) . Preventive maintenance requires a good knowledge of the pipeline characteristics, including whole variables that affect pipeline performance (Mohitpour et al., 2010; Røstum, 2000) . Corrective maintenance (CM) or emergency repair (ER), on the other hand, implies emergency response (unscheduled) that is performed as a result of the failure like a rupture or a leak (Wang, 2002) . Corrective maintenance involves often replacement or repair to a section of a pipeline to restore the system from a failed state to a specified condition (Mohitpour et al., 2010) . Previous studies shows that a significant number of maintenance actions are performed as corrective maintenance in pipeline systems (Røstum, 2000; Thompson, 2004; Baker Jr., 2008) .
The key challenge for the operators is to develop reliable models to estimate the number of future failures. However, developing task prediction models to estimate failure rate for the pipelines system is very difficult. Pipelines do not have constant failure rate along its entire length because the material, surrounding environmental, and its operational conditions are not uniform for the whole pipeline (Røstum, 2000) . Moreover, the pipeline systems consist of many subcomponents such as valves, metering stations, and compressors. Wang and Pham (2006) imply that the failures of different subcomponents in multicomponent system may not be independent from each other. Therefore, it is very difficult to model all factors that affect pipeline's performance. To address this problem, pipeline systems can be defined as a group of pipelines (network level), which are modeled by the same point stochastic process (Ascher and Feingold, 1984; Caleyo et al., 2008 ).
The failure rate, which is used to express reliability of a system, is affected by many factors such as the environmental conditions, internal variables, structural characteristics, and maintenance variables. Cobanoglu et al. (2015) performed a comprehensive analysis of pipeline internal and external corrosion and concluded that the corrosion trend is dominantly deteriorating for external and internal corrosion with a few exceptions on stationary and improving. The results of the reliability trend in the pipeline systems for internal corrosion are shown in Table 1 . Based on the results, the pipeline systems for internal corrosion failures can be modeled by the power law process for all data, 1960-1969, and 1970-1979 . Otherwise, the Homogeneous Poisson Process (HPP) model is the best model for the decade of installation for 1950-1959 and 1980-1989 . The final expressions are given for the cumulative number of internal failures for each predetermined decade of installation are shown in Table 1 . 
Stationary
The results of the reliability trend analysis in the pipeline systems for external corrosion are shown in Table 2 (Cobanoglu et al., 2015) . Based on the results, the pipeline systems for external corrosion failures can be modeled by the power law process for all data, 1940-1949, 1950-1959, and 1960-1969 . On the other hand, the HPP model is the best model for the decade of installation for 1920-1929 and 1930-1939 . The average failure rates were calculated for 1920-1929 and 1930-1939 . 
Improvement
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Costs of PM can be optimized based on an optimal maintenance cost models. The cost models for these PM policies can be formulated without considering the maintenance time. Basically, the preventive maintenance costs can be divided into three: failure costs, maintenance costs, and replacement costs. The final cost of the preventive maintenance is a function of the all the actions taken in the life cycle of the system (Moghaddam and Usher, 2011) . Therefore, the total cost per unit time is an informative measure of system performance (Nachlas, 2005) .
There are many approaches to determining the optimal maintenance policy. Under the scope of this paper, selected approach for cost model considers the maintenance interval, which minimizes the total expected cost per unit time for the system. The cost per unit has to take into account both costs associated with failures, and costs of the PM (replacement). The optimization problem can be pictured as shown in Figure 1 . As it is shown in this Figure, with low level of PM action, the PM cost is low but the expected CM/Failure costs are high. With increasing PM action, the CM/Failure cost decreases and the PM cost increases. Moreover, the total cost that includes PM and CM decreases initially and then increases with increasing PM action. Therefore, there is an optimum level of PM effort that can minimize the total costs of maintenance activities (Damnjanovic, 2006; Louit et al., 2009; Blischke and Murthy, 2000) .
Figure 1. Optimal PM Intervals for Costs Minimization
GOALS AND OBJECTIVES
This study focuses on finding optimal preventive maintenance decision in natural gas pipeline networks. In this paper, the pipeline reliability models, which were developed by Cobanoglu et al. (2015) , were utilized to determine the optimal maintenance policy in a realistic way for pipeline systems. Moreover, the aim of this paper is to present mathematical models for scheduling preventive maintenance and replacement activities.
METHODOLOGY
The optimum a system replacement time can be calculated in order to balance the cost of maintenance against capital expenditure optimally. There are several optimal solutions for this problem that depend on the criteria selected for optimization. In this paper, the model, which minimizes the total expected cost per unit time for the system is selected. Coetzee (1997) provided a solution to optimize the maintenance strategy for repairable systems by adding relevant cost information (Louit et al., 2009 ).
Based on the literature, it is determined that the periodic replacement with minimal repair at failure policy is a feasible option for pipeline systems. The two types of cost models, which can be applied to optimize the cost of system repair successfully are type 2 and type 3 policies (Coetzee, 1997) .
Type 2 Policies
Type 2 replacement policies include the planned replacement of a system at a certain age with minimal repairs at breakdown up that age. In other words, preventive maintenance policy is based on the age of the system, and only minimal repair is made for each failure (Wang, 2002) . These replacement policies were introduced by Barlow and Hunter (1960) . The model assumes: 1) after each failure, only minimal repair is made so that the system's failure rate is not distributed; 2) the system is restored to its original state after preventive maintenance (Barlow and Hunter, 1960) . The model optimizes cost per unit time over time. T* denotes the optimal replacement time that minimizes the total maintenance cost. Estimation of T* is given in Equation 1 (Coetzee, 1997) .
where θ>0 and β>0 are the scale (the characteristic life) and shape parameters of the failure intensity function, C Replacement is cost of system replacement, and C Failure is cost of repair of a failure (minimal repair).
Type 3 Policies
Type Three policy involves a system replacement after an optimum number of failures n* has been repaired with minimal repair policy. These replacement policies were introduced by Makabe and Morimura (1963) . The optimum number of the minimal repairs before the system replacement is given in Equation 2 (Coetzee, 1997) 
where β>0 is the scale (the characteristic life) of the failure intensity function, C Replacement is the cost of system replacement, and C Failure is the cost of repair of a failure (minimal repair). If the total number of failure is equal to or greater than a number of minimal repair n*, the replacement should be done as soon as possible; otherwise, maintenance actions are not required (Wang, 2002) . The results of Table 1 and Table 2 can be used to illustrate the use of the cost models to optimize the system replacement strategy. The optimal maintenance cost per unit time is given in Equation 3 (Coetzee, 1997) .
where, λ(t) is the expected number of failures in [0,T*], C Replacement is the average cost of system replacement, and C Repair is the average cost of the repair of a failure ( minimal repair). Under minimal repair assumption, the expected number of failures can be expressed in the interval (T1, T2) is (Coetzee, 1997; Gertsbakh, 2000) :
The most appropriate approach is to repair the pipes until the failure costs clearly outweigh the replacement cost, or until new pipeline projects make replacement economically attractive (Røstum, 2000) . Therefore, maintenance is the most effective way to reduce Rate of Occurrence of Failures (ROCOF) of the pipeline systems.
The optimal maintenance models not only consider the cost of a corrective maintenance action through minimal repair but also need cost of a PM action involving replacing a nonfailed component by a new one (Blischke and Murthy, 2000) . ASRC Constructors Inc., Michael Baker Jr. Inc., and Norstar Pipeline Company (2007) conducted a technical report for Alaska spur pipelines for summarizing the detailed construction costs. For the economical evaluation of the projects, both direct and indirect costs should be considered (Kermanshachi, 2016) . In the technical report for Alaska spur pipelines, direct and indirect construction costs, material (include freight) costs, miscellaneous costs, and project indirect costs are considered as part of total project cost and evaluated for different length of the gas transmission pipelines. Based on their estimation, the average cost of new construction pipeline for Alaska Spur Gas Pipeline projects is estimated as $2,245,823 per mile. Moreover, it is assumed that all of the replacement is related to corrosion (Thompson, 2004; ASRC Constructors Inc. et al., 2007) . In Table 3 , average property damage cost is calculated. To find more reliable results, a range cost of property damage is used instead of constant cost. As explained earlier, cost of replacement was found to be $2,245,823 per mile. However, selected 10-mile section will provide more reliable result: therefore, the cost of a corrective maintenance action through minimal repair is multiplied by 10-mile. Based on type 2 policies and Equation 1, the optimal replacement time is determined by maximizing the expected cost effectiveness. $563,481 $856,348 1950-1959 $200,172 $229,851 1960-1969 $715,519 $1,412,253 1970-1979 $589,603 $537,857 1980-1989 $690,259 $736,810 External Corrosion $2,694,061 $12,914,999 1920-1929 $185,603 $175,889 1930-1939 $273,107 $287,543 1940-1949 $703,621 $1,005,536 1950-1959 $2,027,638 $3,861,197 1960-1969 $6,764,024 $23,247,348 
Overall
DATA ANALYSIS
The pipeline failure incident data used for this study was collected from eleven largest natural gas transmission pipeline operators' data from 2001 to 2011. These 11 pipelines recorded 98 internal corrosion failures and 46 external corrosion within the mentioned timeframe. Figure 2 shows how the scheduled replacement time changes with expected cost of failure for internal corrosion for all internal corrosion failures (98 incidents). As an example for average cost of property damage, when C Replacement =$22,458,230 (10 mile section) and C Failure =$563,481, the optimal replacement time is at T* = 13 year (C Failure =$563,481 on the horizontal axis of Figure 2 crosses 13 years on the vertical axis) and the corresponding cost is ( * )=$7,034,496 for overall group of internal corrosion.
Figure 2. Cost Effectiveness as Function of Scheduled Replacement Time for Internal Corrosion
Overall Group Moreover, the optimal replacement time depend upon the ratio of preventive to corrective replacement costs. Therefore, the optimal time can be analyzed by the derivative of Equation 3. Figure 3 shows how the scheduled replacement time changes with this ration for internal corrosion for all internal corrosion failures. Such as internal corrosion, the optimal replacement time depends upon the ratio of preventive to corrective replacement costs. Therefore, the optimal time can be analyzed by the derivative of Equation 3. Figure 5 shows how the scheduled replacement time changes with this ration for internal corrosion all external corrosion failures. 
